Nuclear factor (NF)-B/Rel is a structurally and evolutionary conserved family of transcription factors distinguished by the presence of a 300 amino acid region, termed the Rel homology domain (RHD), based on its homology with v-Rel, the transforming protein encoded by the RevT avian retrovirus. The RHD is responsible for DNA-binding, dimerization, nuclear translocation, and binding of Rel factors to the IB inhibitory proteins (reviewed in reference 21). Mammals express five NF-B members that belong to two classes. The first class includes c-Rel, RelB, and RelA (p65), which are synthesized as mature products and contain a C-terminal transactivation domain. The second class consists of NF-B1 and NF-B2, which are synthesized as longer precursors, p105 and p100. Those proteins require C-terminal proteolytic processing to produce the mature p50 and p52 subunits, respectively, which contain the RHD but lack a transactivation domain. Although, both p50 and p52 have been found to transactivate when in association with Bcl-3 protein (7, 20) . In most untransformed cells, other than B lymphocytes, NF-B complexes are sequestered in the cytoplasm bound to specific inhibitory proteins, of which IB-␣ is the paradigm. Activation of NF-B involves phosphorylation and rapid degradation of IB, allowing for translocation of free NF-B to the nucleus, where it controls genes involved in cell growth and survival, adhesion, and immune and inflammatory responses, including cyclin D1, c-myc, and bcl-xl (reviewed in references 47 and 56) .
Evidence from several laboratories has suggested NF-B is critically involved in regulation of tumorigenesis. We and others demonstrated aberrant constitutive activation of NF-B factors in breast cancer (43, 59) . High levels of nuclear NF-B were found in human breast tumor cell lines, carcinogen-transformed mammary epithelial cells, and the majority of primary human and rodent breast tumor tissue samples. Accelerated degradation of the IB-␣ inhibitory protein was observed (34) , suggesting aberrant regulation of nuclear translocation in breast cancer cells. Inhibition of the constitutive NF-B activity in human breast cancer cell lines induced apoptosis (59) or led to reduced tumorigenicity (50) . Conversely, ectopic expression of c-Rel resulted in resistance to TGF-␤-mediated inhibition of proliferation (58) . Interestingly, we observed that 21 out of 25 primary human breast cancer tissues examined expressed high levels of nuclear c-Rel (59); similar observations were made by Cogswell and coworkers (15) . The overexpression of c-Rel has been implicated in other hematopoietic and solid malignancies as well. For example, c-rel gene amplification was seen in ϳ20% of non-Hodgkin's B-cell lymphomas, including diffuse large-B-cell lymphomas (DBCL) (reviewed in reference 47) . In addition, the c-rel gene was also found rearranged or overexpressed in some follicular lymphomas and DBCL. The higher level of expression of c-Rel, plus RelA, in the activated B-cell (ABC) form of DBCL, was found associated with poorer prognosis (2) . Furthermore, inhibition of c-Rel induced apoptosis in immature B-cell lymphomas (66) .
The c-rel gene encodes a 68-kDa protein which is active mostly in lymphocytes and monocytic, granulocytic, and erythroid cells. Mice lacking c-rel are viable but show severely impaired lymphocyte proliferation and immune function, with impaired interleukin-2 expression (36) . The X-ray crystal structure of the c-Rel homodimer bound to a DNA target site was resolved recently (28) . It confirmed that c-Rel homodimers recognize a different set of B element DNA sequences compared to c-Rel heterodimers or p50-containing dimers, suggesting that those complexes may have a different range of target genes. The v-rel gene, carried by the highly oncogenic avian reticuloendotheliosis virus strain T (Rev-T), is able to cause tumors in birds and transgenic animal models. The v-Rel oncogenic protein differs from its avian progenitor c-Rel by the presence of multiple mutations that increases its expression, nuclear localization, DNA binding, transactivation capability and neoplastic transformation potential (reviewed in reference 22) . The direct role of c-Rel in tumorigenesis is still a matter of debate. Overexpression of either avian or human c-Rel was shown to transform primary chicken lymphoid cells (1, 23) , although with lower efficiency than v-Rel. Retroviral delivery of avian c-rel in young chickens gave rise to lymphoid tumors, and cell transformation involved selection of a C-terminal deleted c-Rel protein with increased oncogenic activity (27) . All these observations led us to test the oncogenic properties of c-Rel in vivo, in the mammary gland. Here, we have constructed a mouse model in which the mouse c-rel cDNA was driven by the hormone-dependent mouse mammary tumor virus (MMTV) promoter. MMTV-c-rel female mice developed late-onset mammary tumors, which were related to increased levels of expression of the NF-B growth and survival target genes cyclin D1, c-myc, and bcl-xl. These results provide the first in vivo evidence for a causal role of c-Rel activation in the pathogenesis of breast cancer.
MATERIALS AND METHODS
Isolation of founder MMTV-c-rel transgenic mice. The 2.5-kb EcoRI/HindIII fragment from the pSVSport-c-Rel vector, containing the full-length murine c-rel cDNA (kindly provided by T. Gilmore, Boston University, Boston, Mass.), was blunt end ligated into the MMTV-LTR plasmid, containing the MMTV long terminal repeat (MMTV-LTR), which directs expression chiefly to the mammary epithelium, with ras 5Ј untranslated sequences provided upstream of the cDNA and a simian virus 40 (SV40) intron and polyadenylation signal downstream (38, 55) , yielding the pMMTV-c-rel plasmid. The direction of the insert was confirmed by restriction mapping and DNA sequencing at the Molecular Biology Core at Boston University Medical School. Plasmid sequences were removed by restriction digestion at the SalI and SpeI sites, leaving the MMTV-LTR sequence, ras 5Ј untranslated sequences, c-rel cDNA, and the SV40 intron and poly(A) addition signal sequence. The excised transgene construct was gel purified and microinjected into pronuclei of fertilized one-cell zygotes from FVB/N mice. These zygotes were reimplanted into pseudopregnant foster mothers, and the offspring were screened for presence of the transgene by Southern blotting (see below). Carriers were bred to establish four independent transgenic lines. Female transgenic mice were continuously bred to induce transgene expression though activation of the hormone-dependent MMTV-LTR promoter. Mice were monitored biweekly for the appearance of tumors. Mice were housed in a two-way barrier at the Boston University School of Medicine Transgenic mouse facility in accordance with the regulations of the American Association for the Accreditation of Laboratory Animal Care. DNA analysis. Genomic tail DNA was isolated as described previously (46) , samples (10 g) were digested with PstI, and the resulting fragments were separated on a 0.8% agarose gel and transferred to GeneScreenPlus (DuPont NEN) nylon membranes. DNA was cross-linked to the membrane by UV irradiation (Stratalinker; Stratagene, La Jolla, Calif.) at 0.12 J/cm 2 for 30 s. Hybridization was performed using the 2.2-kb DNA fragment, encompassing the MMTV-LTR promoter and an ϳ1-kb fragment of the mouse c-rel cDNA, released from the pMMTV-c-rel plasmid by digestion with PstI as a probe. The DNA was radiolabeled by random priming and used as described previously (35) , except that 2.0 ϫ 10 6 cpm/ml 32 P-labeled DNA was employed. RNA analyses. Frozen breast tissue was pulverized in liquid nitrogen with a mortar and pestle, and total RNA extracted with the Ultraspec-II RNA Isolation System (Biotecx Laboratories Inc., Houston, Tex.). To remove contaminating DNA, RNA samples were digested for 30 min at 37°C with RQ1 RNase free DNase (Promega Corporation, Madison, Wis.), according to the manufacturer's directions. RNA was reextracted and ethanol precipitated. For reverse transcriptase PCR (RT-PCR), 5 g RNA samples were reverse transcribed with SUPER-SCRIPT RNase H-RT in the presence of 200 ng of random primers (all reagents from Invitrogen Life Technologies, Carlsbad, Calif.). For PCR, a 236-bp fragment of the transgene was amplified with a sense oligonucleotide primer from the mouse c-rel cDNA coding sequence (5Ј-GTGACCCCTAAGGGTTTTCTG-3Ј) and an antisense oligonucleotide from the SV40 poly(A) tail of the vector construct (5Ј-CCCATTCATAAGTTCCATAG-3Ј). PCR were performed in a thermal cycler (MJ Research, Watertown, Mass.) by denaturing at 95°C for 45 s, annealing at 46°C for 90 s, and extending at 72°C for 90 s for 35 cycles. Primer pairs specific for the mouse cyclin D1 gene were 5Ј-CACAACGCACTTTCTTT CCA-3Ј and 5Ј-GACCAGCCTCTTCCTCCAC-3Ј, and amplified a 164-bp fragment with an annealing temperature of 55°C. The primer pairs specific for mouse bcl-xl were as described previously (52) . As a control for RNA quality, a 750-bp fragment of ␤-actin mRNA was amplified by 25 or 30 PCR cycles with the following primers: 5Ј-ACCAGTTCGCCATGGATGACGATA-3Ј and 5Ј-AGC TCATAGCTCTTCTCCAGGGAG-3Ј, which were used with an annealing temperature of 55°C. For radiolabeled PCR, 0.85 Ci of [␣-
32 P]dCTP and [␣-
32 P]dGTP were added in the PCR. For RNase protection assays (RPAs), multiprobe RPA kits (Pharmingen, San Diego, Calif.) were used according to the manufacturer's directions. The identity of the RNase protected bands in the gel were established using the undigested probes as markers and a control RNA for mouse cyclin or apoptosis gene mRNA expression (Pharmingen). For Northern blot analysis, RNA samples (5 to 15 g) were denatured and separated by electrophoresis in 1.0% formaldehyde agarose gels (16) . Probes included a 2.4-kb pM-c-myc54 mouse c-myc cDNA (60), the full-length human cyclin D1 cDNA subcloned into the pBPST-R1 vector, kindly provided by R. G. Pestell (Albert Einstein College of Medicine, New York, N.Y.), and a 750-bp fragment of the mouse bcl-x cDNA amplified by PCR using the previously described primers (52) . Quantitation by scanning densitometry was performed with a KDS1D device (version 2.0; Kodak, New Haven, Conn.).
EMSA. Frozen tissue powders were resuspended in homogenization buffer (1 g/ml) in 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM sucrose, 1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), leupeptin (5 g/ml), and aprotinin (5 g/ml) (Sigma Chemical Co., St. Louis, Mo.). Samples were Dounce homogenized for 20 strokes with a loose pestle and then 20 strokes with a tight pestle. The KCl concentration was then adjusted to 100 mM and the nuclei were washed twice with the homogenization buffer with 100 mM KCl. Nuclear proteins were extracted on ice for 30 min in 2 packed nuclear volumes containing 10 mM HEPES (pH 7.9), 400 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 20% glycerol, 1 mM DTT, 0.5 mM PMSF, leupeptin (0.5 g/ml), and aprotinin (5 g/ml). Protein concentration was determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, Calif.). The sequence of the URE NF-B-containing oligonucleotide from the c-myc gene is as follows: 5Ј-GATCCAAGTCCGGGTTTTCCCCAACC-3Ј (17) . The core element is underlined. The Octomer-1 (Oct-1) oligonucleotide has the following sequence: 5Ј-TGTCGAATGCAAATCACTAGAA-3Ј. Nuclear extracts samples (5 g) were subjected to electrophoretic mobility shift analysis (EMSA) as described previously (59) . For antibody supershift analysis, the binding reaction was performed in the absence of the probe, the appropriate antibody was added and the mixture incubated for 16 h at 4°C. The probe was then added and the reaction incubated an additional 30 min at 25°C and the complexes resolved by gel electrophoresis, as above. Antibodies used included anti-RelA (C-20), sc-372; anti-c-Rel (N), sc-70; and anti-p50 (NLS), sc-114 (all from Santa Cruz Biotechnology, Santa Cruz, Calif.). In addition, rabbit polysera 1266, 1050, and 1051 specific for c-Rel were kindly provided by N. Rice and M. Ernst (National Cancer Institute, Frederick Md.). Data were quantified by densitometry using a Molecular Dynamics densitometer.
VOL. 23, 2003 c-Rel AND MAMMARY GLAND TUMORIGENESIS 5739
Cell lines and transfection conditions. NMuMG, which is an untransformed, immortalized mouse mammary epithelial cell line, was cultured as described previously (57) . MCF-10F is a human mammary epithelial cell line established from a patient with fibrocystic disease, which does not display malignant characteristics (9) . The RelA and p50 expression vectors have been described elsewhere (39) . The p52 and Bcl-3 expression vectors were kindly provided by U. Siebenlist (National Institutes of Health, Bethesda, Md.). The cyclin D1 promoter constructs CD1 Ϫ66 WT-Luc and CD1 Ϫ66 Mut-Luc, with wild-type (WT) and mutant NF-B elements, respectively, were a kind gift of R. G. Pestell (25) . For luciferase assays, NMuMG cells were transfected in six-well plates using the Fugene reagent (Roche Diagnostics Corporation, Indianapolis, Ind.), and the SV40 promoter-␤-galactosidase (pSV40-␤-gal) reporter vector was used to normalize transfection efficiency, as previously described (3). For stable transfectants, MCF-10F cells were transfected in P100 dishes with 10 g of pBluescript or pSVSport-c-Rel vector along with 1 g of pGKpuro selection plasmid, selected with puromycin (4 g/ml; Sigma) for 4 days, and then grown in the presence of puromycin (1 g/ml).
Immunoblot analysis. Whole-cell extracts (WCEs) were prepared in RIPA buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 10 mM EDTA, 1% NP-40, 0.1% SDS, 1% sodium sarcosyl, 0.2 mM PMSF, leupeptin [10 g/ml], 1 mM DTT). Nuclear extracts were prepared as described above. Samples (40 g) were separated by electrophoresis in 8% polyacrylamide-SDS gels, transferred to a 0.45-m-pore-size polyvinylidene difluoride membrane (Millipore, Bedford, Mass.) and subjected to immunoblotting, as described (59) . Antibodies included antiRelB (C-19) sc-226, anti-p52 (K-27) sc-298; Bcl-3 (C-14) sc-185, and Sp1 (PEP 2) sc-59 (all from Santa Cruz Biotechnology) and anti-cyclin D1 monoclonal Ab-3 (Oncogene, Boston, Mass.). Antibodies specific for other NF-B subunits were as described above.
Histology. Upon necropsy, tumors and other mammary glands, heart, lung, liver, kidney, spleen, and the adrenal gland were removed and immediately fixed in Optimal Fix (American Histology Reagent Co., Lodi, Calif.) and shipped in alcohol. The tissues were processed, embedded in paraffin, and sectioned at a thickness of 7 m. The sections were mounted on glass slides and stained with hematoxylin and eosin using routine laboratory procedures in the Transgenic Core Pathology Laboratory at the University of California, Davis. Sections were compared with other specimens in the extensive mouse mammary tumor database (http://www-mp.ucdavis.edu/tgmice/firststop.html).
RESULTS
Generation and characterization of MMTV-c-rel transgenic mice. To determine the role of c-Rel in mammary tumorigenesis, we generated a mouse model where c-rel cDNA was expressed under the control of the MMTV-LTR promoter, an effective vector for expressing oncogenes and for transforming the mammary epithelium (11, 61) . A construct containing the full-length mouse c-rel cDNA was inserted in a plasmid containing the MMTV-LTR promoter and an SV40 T antigen intron-poly(A) cassette to ensure efficient expression in vivo. The insert c-rel DNA was then utilized to generate transgenic mice in the FVB/N mouse strain. Integration of the construct into the genome of potential founders was assessed by Southern blot analysis of tail DNA with c-rel cDNA as a probe (Fig.  1A and data not shown). Five founders successfully passed the transgene through the germ line. Founder line 18 had approximately two to three copies of the transgene, while lines 7, 14, and 15 had four to five copies and line 16 had approximately nine copies, as estimated by comparison with bands resulting from hybridization with the endogenous gene on the Southern blots. MMTV-c-rel transgenic mice of all founders developed and bred normally. Transgenic females were able to nurse their pups.
To characterize the expression pattern of the c-rel transgene, line 14 MMTV-c-rel mice or WT FVB/N mice, as control, were bred to activate the MMTV-LTR promoter, which contains hormonally responsive elements activated by progestins and corticosteroids. At day 18.5 of the first pregnancy, total RNA was isolated from the mammary glands and various other organs. RNA samples were subjected to a radiolabeled transgene-specific RT-PCR assay, performed with a 5Ј mouse c-rel cDNA sense primer and a 3Ј SV40 poly(A) antisense primer (Fig. 1B) . Expression of c-rel transgene mRNA was observed in the mammary gland of line 14, but not the WT mouse, as expected (Fig. 1B, left panel) . RNA quality and equal loading was confirmed by analysis of ␤-actin mRNA expression profiles by RT-PCR (Fig. 1B, bottom panel) , as well as in ethidium bromide-stained gels (data not shown). At day 18.5 of preg- nancy, expression of transgene c-rel mRNA was also observed in the spleen, salivary gland, and intestine of mice of line 14 ( Fig. 1B ) and line 16 (data not shown), while undetectable or low levels were observed in the kidney and liver (Fig. 1B ) and heart and lung (data not shown). Where indicated, reactions were performed in the absence of RT, which confirmed the absence of DNA contamination. Thus, the c-rel transgene mRNA is expressed mostly in glandular organs and lymphoid tissues, which is consistent with previous studies with the MMTV-LTR promoter (38, 55) . We next sought to determine total levels of c-Rel protein expression, which includes both endogenous and transgenic c-Rel. At day 18.5 of the first pregnancy, nuclear extracts were prepared from mammary glands of transgenic lines 7, 14, 15, 16, and 18 mice, and from a WT FVB/N mouse as control. Samples were subjected to immunoblot analysis for c-Rel and Sp1 to normalize for loading (Fig. 1C) . Nuclei from the WT mammary gland contained basal levels of c-Rel, as has been reported recently (10) . All of the transgenic lines displayed higher normalized levels of nuclear c-Rel. The lowest level was seen in line 18, consistent with its low transgene copy number, as seen above; therefore, the other four lines (i.e., lines 7, 14, 15, and 16) were chosen for further study.
MMTV-c-rel transgenic mice develop late-onset mammary carcinomas. To promote c-rel transgene overexpression, MMTV-c-rel female mice were continuously bred to induce the MMTV-LTR promoter. A cohort of 38 multiparous female mice from the 4 expressing lines was monitored for tumor incidence over 2 years. Mice were subjected to biweekly palpable examination, and when the presence of a tumor was detected, the mammary glands and other organs were subjected to histopathological analysis. Thirty-one percent of the mice developed mammary carcinomas at an average age of 19.9 months (Table 1 ). In contrast, mammary tumors develop with a very low incidence (Ͻ1%) in WT female FVB/N mice that have been similarly bred (38) . An identification number, with the origin of the line was attributed to each tumor, and characteristics of the different breast tumors are described in the Table 1 . Mice from each of the four transgenic lines developed mammary carcinomas. The tumor incidence was 33.3, 41.7, 20, and 33.3% in MMTV-c-rel transgenic lines 7, 14, 15, and 16, respectively (data not shown), suggesting that tumor development is related to c-rel transgene expression rather than random insertional events. In all but one case, the tumors arose as solitary masses in a single mammary gland. Of the 12 mammary tumors, 3 were pure adenocarcinomas ( Fig. 2A ), 3 were adenosquamous carcinomas ( Fig. 2C ), 4 were squamous cell carcinomas (Fig. 2D ), 1 was classified as a papillary adenocarcinoma, and 1 was a spindle cell carcinoma (Fig. 2E ). Spindle cell carcinomas are often related to an epithelial to mesenchymal cell transition (EMT), which is the transformation of epithelial cells into cells with features of mesenchymal cells, favoring the progression of a carcinoma towards a dedifferentiated and more malignant state (reviewed in reference 63). To test for cells of epithelial origin, immunohistological staining was carried out using antibodies specific for the epithelial cell marker cytokeratin 8 (Fig. 2F ). The spindle cell carcinoma stained positively for cytokeratin 8, consistent with an EMT tumor. One of the adenocarcinomas was metastatic to the lung (Fig. 2B) .
Lastly, mammary glands of three other multiparous 2-yearold transgenic mice, which were not included in the cohort, were subjected to histopathological analysis even without the presence of a palpable tumor. This examination revealed the presence of an adenosquamous carcinoma and a mammary squamous cell carcinoma in two of the mice (data not shown). In addition to the tumors, poor regression of the alveolar tree of the mammary gland after pregnancy was another histological abnormality that was frequently seen (data not shown). Therefore, the histology of mammary tumors in MMTV-c-rel mice appears variable, suggesting changes in mammary epithelial cells during c-Rel-induced tumorigenesis.
c-Rel expression is elevated in mammary glands and tumors of MMTV-c-rel transgenic mice. Previous studies showed that the MMTV-LTR promoter is still active in regressing mammary glands, leading to sustained transgene expression over the animal's lifetime (38, 55) . We therefore investigated transgenic c-rel expression in mammary glands and tumors from (Fig. 3A) . As a control for DNA contamination, reactions were performed in the presence or absence of RT. RNA quality and essentially equal loading was confirmed by analysis of ␤-actin mRNA expression profiles by RT-PCR (Fig. 3A, bottom panel) , and by ethidium bromide staining of gels (data not shown). All tumors and most normal mammary glands of multiparous MMTV-crel transgenic mice exhibited expression of transgene mRNA, although at variable levels ( histologic analysis showed a complex cell pattern, consisting of mammary squamous cell carcinoma and hyperplasic epithelial cells (Table 1 ). In contrast, virgin WT and transgenic mammary glands did not express detectable levels of transgene mRNA, as expected. Thus, ectopic c-rel transgene expression is induced in the mammary gland by pregnancy, and is expressed in the tumors and grossly normal mammary glands of multiparous MMTV-c-rel mice. We next assessed total c-Rel protein expression in mammary glands and tumors of transgenic mice by immunoblot analysis. Nuclear extracts were prepared from the indicated tumors (Fig. 3B) . As a control, nuclear extracts were isolated from mammary glands of a WT virgin FVB/N mouse and from nonmalignant mammary glands of an age-related line 14 mouse (3000 N) that had undergone three cycles of pregnancy and regression. The mammary gland of the line 14 mouse (3000 N) and all tumors displayed elevated levels of c-Rel expression compared to the WT mammary gland, which showed only a low basal expression (Fig. 3B and data not shown). This is consistent with the pattern of transgenic c-rel expression obtained above. In addition, about half of the tumors showed higher expression levels of c-Rel than grossly normal transgenic mammary glands (Fig. 3B and data not shown). When the results were scanned, a 3-to 150-fold (average, [68.0 Ϯ 60.1]-fold) increase in nuclear c-Rel expression was observed in tumor and normal transgenic mammary glands compared to the WT sample. Equal loading was confirmed by Coomassie blue staining of gels (Fig. 3B, bottom panel) , although the patterns of total protein expression appeared different between tumor samples and WT or normal transgenic mammary gland samples. This variability likely results from differences in cell type composition between the various mammary tumors and the normal tissue. Overall, these results indicated that c-rel transgenic mRNA and total c-Rel protein expression are upregulated in MMTV-c-rel mammary glands and tumors compared to WT mice.
Expression of NF-B family members in mammary glands and carcinomas of MMTV-c-rel transgenic mice. To test for constitutive nuclear c-Rel binding activity, nuclear proteins were isolated from a mammary tumor (adenocarcinoma) and grossly normal mammary glands of line 15 mouse 127 and were subjected to EMSA analysis with an oligonucleotide probe containing the NF-B element upstream of the c-myc promoter, which binds all Rel family members (39) (Fig. 4A) . The normal mammary gland displayed a low level of NF-B binding (better seen on a darker exposure), consistent with our previous findings with nuclear extracts from normal rat mammary glands and histologically normal mammary tissue from MMTV-Her-2/neu transgenic mice (34, 45, 59) . The extracts from the c-Rel-induced tumor displayed two major complexes of NF-B binding. To identify the nature of the subunit components, we used antibodies against either c-Rel or p50 in We next performed EMSA on mammary tumor (adenocarcinoma) samples from a line 14 (3996) mouse. This mouse had developed four mammary adenocarcinomas, as well as pulmonary metastases (Table 1) . Nuclear extracts isolated from one of the mammary tumors (3996R1) displayed multiple NF-B complexes (Fig. 4B) . The level of NF-B binding was more intense than seen with the nuclear extract from a nonmalignant mammary gland from the same animal (line14 3996 N), while levels of control Oct-1 binding were similar in these samples (Fig. 4C) . Of note, an NF-B complex of higher mobility was present in the normal sample. We previously observed the presence of such a complex in nuclear extracts isolated from normal human and mouse breast tissue, and supershift analysis showed that these complexes contained predominantly p50 homodimers (reference 50 and data not shown). Addition of a c-Rel-specific antibody resulted in diminished binding and the formation of one slowly migrating supershifted complex (Fig.  4B, indicated by an arrowhead) . Addition of an antibody against c-Rel reduced the binding and yielded a similar supershifted complex with control extracts from WEHI 231 immature B-lymphoma cells, which express high levels of activated c-Rel and p50, and lower levels of RelA (40, 48) , indicating that the line14 3996R1 tumor sample contains p50/c-Rel complexes. Addition of supershifting antibodies against p50, RelA, or RelB to the line 14 3996R1 extracts resulted in shifted complexes. In particular, addition of a p50 antibody greatly reduced binding and yielded two major and a few minor supershifted bands. Interestingly, addition of a RelA antibody yielded three supershifted RelA-containing complexes, whereas, the expected one RelA-containing complex (e.g., p50/RelA) was seen with the WEHI 231 extract (40) . These results suggest that RelA is present in multiple complexes in the mammary gland tumor sample. Lastly, a RelB antibody also reduced binding with the line 14 tumor extract, yielding one supershifted complex (Fig. 4B) . Addition of the RelB antibody had no detectable effect on the WEHI 231 cells, consistent with the lack of nuclear RelB in these cells (48) . To further characterize the c-Rel binding, we compared the effects of the anti-c-Rel sc-70 from Santa Cruz with three different c-Rel antibody rabbit polysera obtained from N. Rice and M. Ernst (sera 1050, 1051, and 1266), using nuclear extracts from a second tumor from line 14 3996. All of the antibodies reduced the upper complex which comigrated with the WEHI 231 c-Rel/p50 band to approximately the same extent (Fig. 4D) . The positions of the supershifted complexes varied for all of the antibodies (Fig.  4D, inset) . These finding confirm the presence of c-Rel in NF-B DNA binding complexes, although, it was not the primary component in the nuclear extracts. Together, these results indicate that multiple NF-B subunits are binding in the tumor samples, including c-Rel, p50, RelA, and RelB.
Mammary tumors contain multiple NF-B subunits. The finding that nuclear extracts of mammary tumors from the MMTV-c-rel mice contain multiple NF-B complexes led us to more fully assess the nature of the NF-B subunit expression in mammary glands and tumors. Immunoblot analysis was performed for the p50, RelA, RelB, and p52 NF-B subunits, and for Bcl-3 protein in nuclear extracts from mammary tumors developed in MMTV-c-rel mice, and from uninvolved mammary glands from a multiparous age-related line 14 transgenic mouse (3000 N), and from a WT virgin FVB/N mouse (Fig. 5) . Interestingly, expression of the subunits encoded by genes that are regulated by NF-B, e.g., p50, p52, and RelB (reviewed in reference 44) appeared substantially increased in many of the samples from the transgenic mice. A dramatic increase in expression of p50 was seen in essentially all of the tumor specimens, as well as grossly normal transgenic mammary gland samples compared to the WT sample. Densitometry indicated a 2.1-to 618-fold induction (average, [330 Ϯ 325]-fold) induction in p50 nuclear levels. Expression of RelB displayed a large increase in three of the specimens compared to the WT mammary gland sample, and a moderate increase in the other 4 samples. In contrast, RelA appeared only moderately increased in most transgenic mammary glands compared to WT mammary glands. Densitometry showed a 1.0-to 1.6-fold increase (average, [1.3 Ϯ 0.4]-fold) in RelA nuclear expression. Interestingly, this contrasted with the relatively high level of RelA binding previously seen in the EMSA of line 14 3996R1 (Fig. 3B) , and of other 2 tumor samples that were similarly analyzed (data not shown). Bcl-3 expression was detectable only in tumor samples, and two of them also displayed extremely high levels of p50 and p52 expression. No detectable IB-␣ was seen in the nuclear extracts, and no differences were observed in IB-␤ levels (data not shown). Overall, these findings indicate that in addition to the c-Rel subunit itself, the MMTV-c-rel mammary gland tumors display a wide range of constitutively active nuclear NF-B subunits, including p50, p52, and RelB, and to a lesser extent RelA, as well as Bcl-3. 
Downloaded from
Similar complex patterns were seen previously in primary human breast cancer specimens (15, 59) .
MMTV-c-rel mammary glands and carcinomas display elevated expression of downstream target gene cyclin D1.
The NF-B target gene cyclin D1 (25, 26) has been implicated in breast cancer (reviewed in reference 32). Its expression, which is upregulated in ϳ50% of human breast tumors, is required for proliferation of breast cancer cells in culture, and MMTVcyclin D1 mice develop mammary adenocarcinomas (64) . Therefore, we sought to test whether cyclin D1 mRNA levels were increased during pregnancy in the mammary glands of MMTV-c-rel versus WT mice. Lines 7, 14, 15, and 16 MMTVc-rel mice and age-matched WT FVB/N mice (3 to 6 months old) were bred to activate the MMTV-LTR promoter in transgenic mammary glands. At day 18.5 of the first pregnancy, total RNA was isolated from the mammary glands and samples subjected to analysis of cyclin D1 mRNA levels using either a semiquantitative RT-PCR assay specific for cyclin D1 in the presence or absence of RT, as control, or Northern blot analysis (Fig. 6A) . For the RT-PCR assay, RNA quality and loading were normalized by evaluation of ␤-actin levels using 25 cycles of PCR, which is within the linear phase of amplification. The level of cyclin D1 mRNA was higher in all of the transgenic mouse mammary glands compared with the three WT mouse samples. When results of this and a duplicate experiment were scanned and normalized to ␤-actin mRNA levels, a (2.5 Ϯ 0.8)-fold increase (P Ͻ 0.003) in cyclin D1 mRNA levels was observed in transgenic compared to WT samples. Similarly, higher levels of cyclin D1 mRNA were observed in the transgenic mouse mammary glands compared with WT mouse samples in the Northern blot analysis. RNA loading was normalized to the levels of 28S rRNA. Expression of cyclin D1 mRNA could be detected in two of the five WT mice tested (WT 3 and WT 14). All transgenic mice displayed detectable expression levels of cyclin D1 mRNA, and these levels were higher than those of the WT 3 and WT 14 samples. When results were scanned and normalized to 28S rRNA levels, a (6.8 Ϯ 5.4)-fold increase in cyclin D1 mRNA levels were observed in the transgenic samples compared to WT 3 and WT 14 samples. Thus, overexpression of transgenic c-Rel in the mammary gland during the first pregnancy is sufficient to induce a substantial increase in cyclin D1 mRNA expression.
We next evaluated cyclin D1 levels in c-Rel-induced mammary tumors compared to nonmalignant mammary glands in transgenic animals, again using both the semiquantitative RT-PCR assay and Northern blot analyses (Fig. 6B) . Total RNA was isolated from mammary carcinomas that had developed in transgenic mice of lines 14 and 16, as well as from grossly normal mammary glands from multiparous age-related transgenic mice of the same lines. As a reference for basal levels of cyclin D1 mRNA in the mammary gland, total RNA was extracted from mammary glands of five virgin adult transgenic mice of lines 16 or 15. In this and a duplicate RT-PCR assay, all of the tumors displayed higher expression levels of cyclin D1 compared to the two grossly normal mammary gland samples tested. Interestingly, the normal sample 14 (5441 N) displayed higher levels of cyclin D1 mRNA than the normal sample 16 (4948 N), which correlated with their respective levels of c-rel transgene expression as seen above (Fig. 3A) . In Northern blot analysis, levels of cyclin D1 mRNA were barely detectable in the five virgin mammary gland samples tested. In contrast, one (14 4949 N) of the three grossly normal mammary gland samples and one tumor (14 3814 T) displayed detectable expression levels of cyclin D1 mRNA, while the cyclin D1 mRNA levels were sharply increased in the 3 other tumors (16 4528 T, 14 3996 T, and 14 4936 T). Therefore, MMTV-c-rel mammary glands and carcinomas display a substantial overexpression of cyclin D1 mRNA compared to the WT mammary gland.
Evidence has also suggested NF-B mediates regulation of cyclin A (reviewed in reference 32). Thus, we compared the overall cyclin expression profiles in the c-Rel-induced mammary tumors with the grossly normal mammary glands. In the first set, total RNA was prepared from two grossly normal mammary glands from multiparous transgenic mice line 14 (4949 N and 4946 N), and two mammary tumors of line 14 (3814 T) and 16 (4528 T). In a second set, total RNA was prepared from mammary carcinomas of line 14 (4936 T and 4556 T) and line 16 (4521 T). RNA samples were subjected to a multiprobe RPA kit, which assesses mRNA levels for cyclins A1, A2, B1, B2, C, D1, D2, and D3, and L32 and GAPDH housekeeping gene products (Fig. 7) . In this and a duplicate experiment, bands were detectable for cyclin A2, B1, D1, D2, and D3 mRNA. The mRNA from the c-Rel-induced tumors displayed increased expression of the cyclin D1 gene compared to the normal mammary glands (Fig. 7, left panel) , consistent with the Northern blot analysis above (Fig. 6B) . The tumors displayed variable levels of mRNA for cyclins A2, B1, D2, and D3. Analysis of the housekeeping genes L32 and GAPDH confirmed the essentially equal loading of samples within the panels. Thus, RPA showed that MMTV-c-rel tumors display an increase in cyclin D1 gene expression with variable levels of expression of the other cyclins.
MMTV-c-rel mammary tumors overexpress c-myc. We next tested for changes in c-myc gene expression, another NF-B target gene (17, 39) , which affects cell proliferation and survival (reviewed in reference 5). RNA was isolated at day 18.5 of the first pregnancy from mammary glands of line 7, 15, and 16 MMTV-c-rel transgenic and WT FVB/N mice, all 3 to 6 months old. Samples were subjected to Northern blot analysis for c-myc RNA levels (Fig. 8A ). The quality of the RNA was evaluated by ethidium bromide staining of the gel (Fig. 8A) and by Northern blot analysis of GAPDH mRNA expression levels (data not shown). The level of c-myc mRNA appeared higher in most of the mammary glands of the transgenic animals compared to the two WT mice. When results were scanned and normalized to 28S rRNA levels, a (2.4 Ϯ 1.4)-fold increase was observed in c-myc mRNA expression levels in transgenic samples compared to the average of the WT samples. Comparable increase was obtained upon normalization to levels of GAPDH mRNA ([2.8 Ϯ 0.7]-fold, data not shown). These levels of increase did not reach statistical significance.
We next compared the levels of c-myc mRNA expression in mammary glands versus carcinomas of multiparous age-related transgenic mice and a virgin transgenic mouse. Quality of the RNA and equal loading was checked by ethidium bromide staining of the gel (Fig. 8B) and by RT-PCR analysis of ␤-actin mRNA levels, as shown above in Fig. 3B (bottom panel) . In Northern blot analysis, all the normal and tumor mammary glands of c-Rel-expressing multiparous transgenic mice demonstrated a substantial increase in c-myc mRNA expression FIG. 6 . MMTV-c-rel mammary glands and carcinomas overexpress cyclin D1 mRNA. (A) Mammary glands. Total RNA was prepared from mammary glands of 3-to 6-month-old mice or WT FVB/N mice at day 18.5 of the first pregnancy. RT-PCR: RNA was subjected to DNase treatment, and analysis on ethidium bromide stained gels verified quality and essentially equal loading (data not shown). Samples (5 g) were subjected to RT-PCR analysis of cyclin D1 and ␤-actin mRNA levels in the presence (ϩ) or absence (Ϫ) of RT to control for DNA contamination. For the ␤-actin mRNA analysis, levels appeared saturated after 30 cycles of PCR and identical in all of the samples tested, while levels were undetectable below 20 PCR cycles (data not shown), so 25 PCR cycles was selected for normalization. The values of cyclin D1 signal intensity normalized to ␤-actin mRNA levels are presented relative to the WT (3) sample. RNA samples (5 g) were subjected to Northern blot analysis of cyclin D1 gene levels using a radiolabeled human full-length cyclin D1 cDNA as probe. Ethidium bromide staining of the 28S rRNA was used as a control for loading. The values of cyclin D1 signal normalized to 28S rRNA relative to WT (3) are given below. ND, not detectable by scanning. (B) Mammary carcinomas. Total RNA was prepared from the indicated mammary tumors (T) and grossly normal mammary glands (N) of age-related multiparous line 14 and 16 MMTV-c-rel mice, as well as from virgin (V) transgenic mouse mammary glands. RNA samples (5 g) were subjected to semiquantitative RT-PCR analysis to assess cyclin D1 mRNA levels, as described above. The values of cyclin D1 signal intensity normalized to ␤-actin RNA levels are presented relative to the line 16 (4948 N) normal sample (which was better seen on a darker exposure). RNA samples (5 g) were subjected to Northern blot analysis to assess cyclin D1 mRNA levels, as described above. The values of cyclin D1 signal normalized to 28S rRNA relative to 15 (8441) are given below. ND, not detectable by scanning. (Fig. 8B) . Thus, increased c-rel expression in transgenic mice leads to elevated levels of c-myc mRNA in mammary glands and carcinomas. MMTV-c-rel mammary glands and tumors overexpress bcl-xl RNA. The bcl-xl, and bfl-1/a1 genes, which encode two prosurvival members of the Bcl-2 family, have been identified as direct targets of NF-B (13, 70) . Bcl-2 expression has also been found to be upregulated by NF-B (12, 30, 37 ), but it is unclear if this is a direct effect of NF-B. Given the evidence for the role of the Bcl-2 family of cell death regulators in mammary tumorigenesis (29), we next assessed mRNA levels of Bcl-2 family members using a second RPA kit. This kit measures RNA levels of the prosurvival genes bcl-2, bcl-xl, and bfl-1/a1, and of bax, bak, and bad, which promote apoptosis. RNA samples, isolated from two tumors and two grossly normal mammary glands of MMTV-transgenic mice were subjected to RPA (Fig. 9) . Results of two independent experiments showed an increase in the expression of bcl-xl RNA levels in the two tumors tested compared to normal mammary glands. When results were scanned and normalized to L 32 mRNA levels, an ϳ6.6-and 3.2-fold increase in bcl-xl mRNA expression levels were observed in tumor samples 14 (3814 T) and 16 (4528 T), respectively, compared to the two normal FIG. 7 . Profile of cyclin gene expression in MMTV-c-rel mouse mammary glands and tumors. Total RNA was prepared from the indicated mammary tumors (T) or grossly normal mammary glands (N) of age-related multiparous line 14 and 16 MMTV-c-rel mice. RNA samples (5 g) were subjected to RPA analysis to assess mRNA levels for cyclin A1, A2, B1, B2, C, D1, D2, and D3, and L32 and GAPDH housekeeping genes. Data from two sets of analyses are shown in the left and right panels. The identities of the RNase protected bands were established using the undigested probes as markers and a control RNA for mouse cyclin mRNA expression provided with the kit (data not shown).
FIG. 8. MMTV-c-rel tumors overexpress c-myc mRNA. (A)
Mammary glands. Total RNA was prepared from mammary glands and samples (15 g) subjected to Northern analysis for c-myc mRNA expression. As a control, the gel was stained with ethidium bromide, shown below. The relative values of c-myc signal intensity normalized to levels of 28S rRNA are given relative to the WT (2) virgin sample. (B) Mammary tumors. Total RNA was extracted from the indicated mammary tumors (T) and grossly normal mammary glands (N) of age-related multiparous line 14 and 16 MMTV-c-rel mice. In addition, RNA was isolated from mammary glands of a nulliparous transgenic line 16 mouse (16 Virgin). RNA samples (20 g) were subjected to Northern analysis for c-myc mRNA expression. As controls for RNA integrity and equal loading, the gel was stained with ethidium bromide, and RNA samples subjected to RT-PCR analysis for ␤-actin mRNA levels (Fig. 3) . The values of c-myc signal intensity normalized to 28S rRNA levels relative to the line 16 virgin sample are given below.
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samples. By contrast, only low and unchanged expression of bcl-2 and bfl-1/a1, respectively, was observed. The mRNA expression of the pro-apoptotic genes bax, bak, and bad appeared to change only modestly in the tumor samples. Essentially equal loading was confirmed by analysis of the L32 and GAPDH housekeeping genes. These results suggest that c-Relinduced mammary tumors display increased levels of bcl-xl mRNA expression. To further study the involvement of Bcl-x L in c-Rel-induced mammary tumorigenesis, we measured bcl-xl mRNA expression levels in tumors as well as during pregnancy in the mammary glands of MMTV-c-rel versus WT mice. Samples of total RNA isolated from the mammary glands at day 18.5 of the first pregnancy of lines 7, 14, 15, and 16 MMTV-c-rel mice and age-matched WT FVB/N mice, described above, were subjected to semiquantitative RT-PCR and to Northern blot assays of bcl-xl mRNA levels (Fig. 10A) . For the RT-PCR, RNA quality and loading were normalized to ␤-actin levels, as described above in Fig. 6 . The level of bcl-xl mRNA was higher in mammary gland samples from all of the transgenic mice compared with those from the three WT mice. When results of this and a duplicate experiment were scanned a (3.0 Ϯ 0.8)-fold increase (P Ͻ 0.02) in normalized bcl-xl mRNA levels was observed in transgenic compared to WT mammary gland samples. In the Northern blotting, RNA quality and loading were normalized to the levels of 28S rRNA (Fig. 10A) , as described above. The RNA band detected with the probe comigrated with the transcript seen in NIH 3T3 cells transiently transfected with a human bcl-xl plasmid expression vector. Thus, the transcript is likely bcl-xl rather than the bcl-xs mRNA. In the 5 WT samples tested, bcl-xl mRNA levels were barely detectable, while 4 out of 5 transgenic samples displayed detectable levels of bcl-xl mRNA. Taken together, these findings indicate that expression of bcl-xl mRNA increases by day 18.5 of the first pregnancy in the mammary glands of c-rel transgene mice.
To further study the involvement of Bcl-x L in c-Rel-induced mammary tumorigenesis, levels of bcl-x1 mRNA levels were compared in samples of total RNA isolated from mammary carcinomas, grossly normal mammary glands from multiparous age-related transgenic mice, as well as from virgin mice (Fig.  10B) . As judged by RT-PCR, all of the tumors displayed higher levels of bcl-xl mRNA expression compared to the normal samples tested, in this and a duplicate experiment. Interestingly, once again the normal line 14 (5441 N) displayed higher levels of bcl-xl mRNA than the normal sample 16 (4948 N), which correlated with their respective levels of c-rel transgene and cyclin D1 mRNA expression seen above (Fig. 3A and 8B ). Expression levels of bcl-xl mRNA in all virgin mammary glands as well as all grossly normal mammary glands from multiparous transgenic mice were below levels of detection by Northern blot. In contrast, expression of bcl-xl mRNA was readily detected in the four tumors tested. Altogether, these results indicate that enforced expression of c-Rel in mammary epithelial cells leads to increased mRNA levels of cyclin D1, c-myc, as well as bcl-xl in the mammary glands and derived tumors.
c-Rel-p52 and p50 heterodimer complexes induce cyclin D1 promoter activity in mammary epithelial cells. While the cmyc and bcl-xl genes have been shown to be direct targets of c-Rel (13, 24, 39, 70) , the cyclin D1 promoter has been shown to be activated by classical p50/RelA complexes (25, 26) , and even more potently by Bcl-3/p52 (65) . Since no studies have fully investigated the role of c-Rel in the regulation of the cyclin D1 promoter, we compared the activation of the cyclin D1 promoter by different NF-B complexes in mammary epi- FIG. 9 . Profile of Bcl-2 family member gene expression in MMTVc-rel mouse mammary glands and tumors. RNA was prepared from the indicated mammary tumors (T) and grossly normal mammary glands (N) of age-related multiparous line 14 and 16 MMTV-c-rel mice. Samples (5 g) were subjected to RPA analysis to assess mRNA levels of Bcl-2 family member genes, i.e., bfl-1/a1, bcl-xl, bax, bak, bcl-2, and bad, and L32 and GAPDH housekeeping genes. The identity of the RNase protected bands were established using the undigested probes as markers and a control RNA for mouse apoptosis gene expression provided with the kit (data not shown). (Fig. 11) . Expression of p50 or p52 alone results in only a modest increase in cyclin D1 promoter activity. Consistent with previous reports (65), coexpression of p52 and Bcl-3 resulted in a sharp increase in cyclin D1 promoter activity, while p50 and Bcl-3 complexes were less potent. At the higher dose tested, RelA plus p50 caused an increase in cyclin D1 promoter activity. Interestingly, coexpression of c-Rel and p52 resulted in an activation of the cyclin D1 promoter activity comparable to that seen with p52 plus Bcl-3, whereas c-Rel/p50 complexes were again less potent. As controls for protein expression levels, NIH 3T3 cells were similarly transfected, and similar 5 to 10-fold increases in levels of c-Rel, RelA, p50, p52, and Bcl-3 were observed compared to cells transfected with the empty vector DNA (data not shown).
These findings indicate that c-Rel can potently induce the cyclin D1 promoter, in particular when present with the p52 subunit.
FIG . 10 . MMTV-c-rel mammary glands and carcinomas overexpress bcl-xl mRNA. (A) Mammary glands. Total RNA was prepared from the indicated 3-to 6-month-old transgenic mice and WT FVB/N at day 18.5 of the first pregnancy. RT-PCR: Samples (5 g) were subjected to RT-PCR analysis of bcl-xl and ␤-actin mRNA levels, as described above in Fig. 6 . The values of bcl-xl signal intensity normalized to ␤-actin mRNA levels are presented relative to the WT (2) sample. Northern blot: Samples (5 g) were subjected to Northern blot analysis of bcl-xl mRNA levels, using a mouse bcl-xl cDNA as a probe, as described above in Fig. 6 Ectopic c-Rel expression increases the levels of cyclin D1, p52, and p50 in mammary epithelial cells. Next, we investigated the effects of ectopic stable c-Rel overexpression on cyclin D1 and NF-B subunit levels using MCF-10F human untransformed breast epithelial cells. Cells were transfected with a mouse c-Rel expression vector along with a puromycin selection plasmid, and grown in the presence of puromycin. Mixed populations of selected cells were used for analysis. As controls, we used either MCF-10F cells transfected with the pBluescript and puromycin selection plasmids and selected with puromycin or MCF-10F untransfected parental cells grown under the same conditions. (All populations of cells grew at the same rate, data not shown). We first confirmed overexpression of c-Rel in WCEs of c-Rel-transfected cells compared to parental MCF-10F cells, using ␤-actin as control for equal loading (Fig. 12) . Scanning of this and a duplicate experiment indicated that c-Rel-transfected MCF-10F cells displayed a (2.5 Ϯ 1.2)-fold increase in total level of c-Rel compared to control cells. Importantly, we observed that cRel-transfected MCF-10F cells displayed significant increases in the levels of cyclin D1, as well as in the NF-B subunits p52 and p50 (and their precursors p100 and p105) compared to control cells (Fig. 12) . Densitometry analysis indicated that c-Rel-transfected MCF-10F cells displayed a 3.1 and 2.7-fold increase in levels of p52 and p50, respectively. Densitometry of this and two other immunoblots (data not shown) indicated that c-Rel-transfected MCF-10F cells displayed a (1.8 Ϯ 0.1)-fold increase in levels of cyclin D1. Essentially no change was observed in levels of RelA in c-Rel transfected cells. Control puromycin-selected cells displayed levels of c-Rel and cyclin D1 comparable to the parental untransfected cells MCF-10F cells, indicating that the selection was not responsible for this observed increase (data not shown). Thus, sustained overexpression of c-Rel in untransformed mammary epithelial cells leads to increased levels of p52, p50, and cyclin D1 expression. Overall, these findings indicate sustained c-Rel expression in mammary epithelial cells is sufficient to lead to the induction in NF-B subunits and target genes, responsible for mammary tumorigenesis.
DISCUSSION
Here we demonstrate for the first time that c-Rel plays a causal role in tumorigenesis of the mammary gland in an MMTV-LTRdriven mouse model. Overall, one or more mammary tumors were detected in 31.6% of MMTV-c-rel transgenic mice at an average age of 19.9 months. Histological analysis of the mammary tumors in four independent lines provided evidence for a wide spectrum of tumor subtypes, including adenocarcinomas, adenosquamous carcinomas, squamous carcinomas, a spindle cell carcinoma and a papillary carcinoma. One mouse developed pulmonary metastasis in addition to multiple mammary adenocarcinomas. In addition to mammary carcinomas, several mice had enlarged spleen or other abnormalities including lymphoid or myeloid hyperplasia or centrocytic lymphomas in the spleen, which can be correlated to the expression of the transgene in (Fig. 1B) , as also shown in previous studies of mammary tumors in transgenic mice using the same promoter (55, 67) . By contrast, only rare (Ͻ1%) spontaneous cases of mammary tumors were reported in the FVB/N strain, consisting of squamous carcinomas or keratoacanthomas (42) . Although the types of some tumors seen here are similar to those found in elderly FVB/N mice, the range and types of mammary tumors seen in the MMTV-c-rel mice are entirely similar to those induced by the wnt pathway (51). The MMTV-c-rel mammary tumors displayed sustained expression of the c-rel transgene mRNA. Tumors were also typified by overexpression of c-Rel protein, and displayed elevated mRNA levels of cyclin D1, c-myc, and bcl-xl, three NF-B target genes implicated in control of growth and cell survival. These increases were detected in normal mammary glands during and after the first cycle of pregnancy. Stable ectopic c-Rel expression in untransformed mammary epithelial cells led to elevated levels of p50/p105, p52/p100, and cyclin D1. Furthermore, c-Rel complexes with p50 or p52 activated the cyclin D1 promoter. While the v-rel oncogene has been shown to be highly tumorigenic, our findings represent the first in vivo demonstration of the transforming ability of the c-Rel NF-B subunit.
As expected, expression of c-rel transgene mRNA was detected in all the c-Rel-induced tumors tested and also in some grossly normal transgenic mammary glands from multiparous mice. Total c-Rel protein and c-rel transgene mRNA levels did not always correlate (Fig. 3 and 5) , suggesting that endogenous c-Rel levels increased in some MMTV-c-rel mammary tumors, as observed previously in patient primary tumor samples (15, 59) . Importantly, supershift analysis confirmed the presence of c-Rel in the NF-B DNA binding complexes (Fig. 4 and data  not shown) . EMSA and immunoblot analysis demonstrated the induction of other NF-B subunits in the MMTV-c-rel tumor mammary gland samples, including p50, p52, RelB, and RelA and the Bcl-3 protein in addition to the expected c-Rel. The vast majority of primary breast cancer specimens from patients display activation of multiple NF-B proteins, including c-Rel, p50, p52, RelA, and RelB subunits and Bcl-3 protein (15, 59) . The genes encoding the p105/p50, p100/p52 and RelB proteins are known NF-B targets (reviewed in reference 44), and ectopic c-Rel expression in MCF-10F cells induced p50 and p52 expression. These findings suggest that direct activation by c-Rel may be responsible for the induction of these NF-B subunits. In the case of Bcl-3, we have found that it is normally expressed in the mouse mammary epithelial cell during development (data not shown). A modest increase in the RelA subunit level was observed in MMTV-c-rel tumors by immunoblot, but not in the c-Rel transfected mammary epithelial cells. It is likely that the elevated level of this subunit observed in the tumors results indirectly from overexpression of the c-Rel transgene, e.g., activation of a cytokine such as tumor necrosis factor. If true, posttranslational modifications might explain the relatively high levels of RelA-containing complexes observed in EMSA in many of the mammary tumor samples. Lastly, it appeared that the level of c-Rel-containing complexes was relatively low, compared to the RelA subunit, suggesting that c-Rel may need to be modified or to interact with other proteins to efficiently bind the DNA. We are currently investigating factors that regulate c-Rel binding in mammary epithelial cells.
NF-B appears to promote cell proliferation and survival of mammary epithelial cells in culture (34, 58, 59 ) and development of the normal mammary gland (8, 10, 14) . Thus, we hypothesized that c-Rel activation could contribute to tumor cell growth and survival through the induction of a number of NF-B target genes, including regulators of cell cycle, proliferation, and survival (reviewed in references 33 and 47). The cyclin D1 promoter, which contains several B elements, can be activated by classical NF-B (25, 26) , although a more recent study has found Bcl-3/p52-mediated activation of the cyclin D1 promoter more potent (65) . Here, we demonstrate the ability of c-Rel/p52 and c-Rel/p50 complexes to induce the cyclin D1 promoter. Female mice null for the cyclin D1 gene fail to develop normal mammary glands (18, 54) . Overexpression of cyclin D1 has been implicated in breast cancer in humans and in rodent models (reviewed in reference 32). Importantly, MMTV-cyclin D1 mice develop mammary cancers (64) , and an increase in levels of cyclin D1 was seen in mammary tumors that develop in mice with enforced expression of Neu or Ras (68) . Female mice deficient for cyclin D1 are FIG. 12 . Ectopic c-Rel expression in human MCF-10F untransformed mammary epithelial cells induces levels of cyclin D1, and p52 and p50 expression. Cells were cotransfected with pSVSport-c-Rel (c-Rel) and pGKpuro plasmid expression vectors, and a mixed population of cells was selected with puromycin. WCEs were prepared from transfected cells and parental untransfected cells (Control), and samples (10 g) were subjected to immunoblot analysis for c-Rel, RelA, p52/p100, p50/p105, cyclin D1, and ␤-actin levels using two identical blots that were successively reprobed with the different antibodies. To better visualize the p105 versus p50 band, a longer exposure was used.
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totally resistant to breast cancers induced by Neu and Ras, but not to those induced by Myc and Wnt-1 (68) . Interestingly, several groups, including our own, have shown that activated Neu and Ras induce functional NF-B in mammary and liver epithelial and fibroblast cells (4, 19, 45, 69) . The human and mouse c-myc promoters have been shown to be targets of NF-B complexes, including those containing c-Rel, in breast epithelial and other cell types (17, 31, 34, 39, 40) . The c-myc gene is overexpressed in breast neoplasia samples from patients (reviewed in reference 41). Targeted c-myc expression in the mammary gland of mice using either the MMTV-LTR or the whey acidic protein promoter leads to mammary tumor development (53, 61) . The promoter of the bcl-xl cell death antagonist gene is regulated by p50-p65-or p50-c-Rel-containing complexes (13, 70) . In the present study, we observed that many of the MMTV-c-rel tumors display elevated levels of expression of cyclin D1, bcl-xl, and c-myc RNA. No correlation was noted between tumor latency and cyclin D1 levels; while, some correlation was seen with c-myc mRNA levels, although, tumors numbers were too low to draw any firm conclusions. Change in expression profiles of these transcripts were also observed in normal mammary glands of transgenic mice, starting the first cycle of gestation. Transfection analysis suggested that the genes encoding cyclin D1, p52 and p50 are c-Rel targets. These findings are consistent with a direct role of c-Rel in the events leading to mammary gland tumorigenesis in the MMTV-c-rel mice. Aberrant activation of nuclear NF-B/Rel has been found to correlate with oncogenesis in several other systems, including thyroid carcinoma, non-small cell lung carcinoma, colon carcinoma, ovarian carcinoma, prostate cancer (62), Hodgkin's disease (6) , and various types of lymphomas (reviewed in reference 47). In hematopoietic tumors, amplification, overexpression, or rearrangement of the c-rel, nf-kb1, nf-kb2, or relA genes or the bcl-3 gene; and mutations inactivating the IB-␣ protein have been noted (reviewed in reference 47). Therefore, increased activation of NF-B can occur by multiple mechanisms in tumor cells. Similarly, in breast cancer cells, multiple mechanisms that lead to aberrant activation of NF-B have also been described. We observed that many human breast tumor specimens and cell lines in culture display constitutive IKK and protein kinase CK2 activity, which correlated with elevated levels of NF-B binding activity (50) . Products of several oncogenes induce NF-B activity in mammary epithelial cells, such as Her-2/neu (45, 69) . Presumably these oncogenes require downstream effectors that activate either an IB kinase or CK2, thereby increasing the rate of IB turnover, and basal NF-B nuclear translocation and binding to the DNA. Recently, we have demonstrated that activation of NF-B by Her-2 can be reduced upon inhibition of CK2 (49) . Interestingly, in vitro studies have suggested that Her-2/neu, Ras, and Raf preferentially induce classical p50/RelA complexes (4, 19, 45, 69) . The late-onset of tumor development and the variety in the tumor histological patterns in MMTV-c-rel mice implies the requirement of additional pathways in the mammary gland tumorigenesis, in addition to overexpression of c-Rel. This phenotype is very reminiscent of the MMTV-CK2␣ subunit transgenic mice, which we have described recently (38) . These mice developed late-onset mammary carcinomas of heterogeneous histological profiles. Consistent with the biological properties of CK2, the MMTV-CK2 tumors expressed high levels of NF-B activity, c-Myc, and activated ␤-catenin (38) . Altogether, our findings indicate that cellular c-Rel is able to transform mammal epithelial cells in vivo and thus represents a potential therapeutic target.
